The sheath thickness in plasma immersion ion implantation has been investigated in the presence of a transverse magnetic field. It has been found that the steady-state sheath thickness increases with increasing magnetic field strength. This result is in line with a simplified model of the sheath in which the steady-state sheath thickness is determined by the plasma density and ion velocity at the sheath edge. These results suggest that a magnetic field may be used to control the high-voltage sheath in plasma immersion ion implantation. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1499516͔ Plasma immersion ion implantation ͑PIII͒ is a relatively new technology developed in the 1980's.
The sheath thickness in plasma immersion ion implantation has been investigated in the presence of a transverse magnetic field. It has been found that the steady-state sheath thickness increases with increasing magnetic field strength. This result is in line with a simplified model of the sheath in which the steady-state sheath thickness is determined by the plasma density and ion velocity at the sheath edge. These results suggest that a magnetic field may be used to control the high-voltage sheath in plasma immersion ion implantation. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1499516͔ Plasma immersion ion implantation ͑PIII͒ is a relatively new technology developed in the 1980's. 1, 2 PIII is used to modify material surface properties and is an alternative approach to beamline ion implantation. In a PIII process, a negatively biased target is placed in plasma. The resulting electric field is concentrated in the target vicinity, the sheath, i.e., a region where quasineutrality breaks down. This electric field accelerates ions to high energy towards the target. The high energy ions are implanted and thereby the surface properties can be modified for a wide range of materials. Since the main ion acceleration is concentrated in the sheath, sheath behavior is extremely important in PIII-related processes.
In the simplest PIII case, the target is immersed into a gaseous, stationary plasma. Such a configuration has benefits such as the ability of treating targets with complex geometry. A related kind of surface modification has been developed based on the use of vacuum arc generated metal plasma. 3, 4 This technique incorporates both surface deposition of plasma and subsurface ion implantation, with energetic ion implantation occurring during the voltage-on part of the substrate pulse-biasing and deposition occurring during the voltage-off part of the bias cycle. It was shown that in this process film adhesion is improved in comparison with pure deposition. Peculiarities of such PIII variants were sufficiently described in recent reviews 2, 5, 6 and sheath measurements were reported in Ref. 7 .
Application of negative bias to the substrate immersed in the plasma leads to sheath formation near the substrate. An ion matrix sheath is established on a time scale of the inverse electron plasma frequency, and ions respond much slower, namely on a time scale of the inverse ion plasma frequency. During this time the high voltage sheath edge propagates into the plasma at about the ion acoustic speed. 1, 8 A growing sheath may deplete the plasma and may stop the process when the sheath expands all the way to the chamber wall, however, this will only occur at relatively low plasma densities and high bias voltages. At higher plasma densities, the sheath will reach a steady-state position.
Using a vacuum arc plasma source for PIII leads to several effects. The ions in the vacuum arc plasma jet have supersonic velocity ͑gained in the cathode spot region͒, which can significantly affect sheath expansion. 9 The plasma density along the plasma jet is nonuniform, which may lead to a plasma density increase at the sheath edge during sheath expansion. 10 In addition, ion current increases with increasing bias voltage, which was also explained in terms of plasma nonuniformity. 11 Plasma drift generally leads to a smaller sheath thickness. If the sheath is too thin there is a problem associated with electrical breakdown due to very high electric field strength at the target surface.
12 Sheath optimization issues were considered recently. 13 It is clear that keeping the sheath thickness in the optimal range is an important issue.
One of the ways to control sheath thickness may be the use of a magnetic field. It is well known that a sheath is significantly affected by a magnetic field, especially in the case when the magnetic field is parallel to the surface or intersects the surface at small angles.
14 Therefore, it is expected that a magnetic field will affect the sheath dynamics under PIII conditions as well. Previously, magnetic fields have been considered in PIII to suppress secondary electrons and the associated generation of x-rays. 2, 15 Here we focus on measurements of the sheath thickness rather than secondary electrons.
In this letter we present some preliminary results of experimental measurements of the sheath size using a filtered vacuum arc plasma source. A simplified schematic of the experimental setup is shown in Fig. 1 . This setup is similar to that described in Ref. 7 . A vacuum arc plasma gun with a silver cathode was operated with an arc current of 500 A in pulses of 250 s duration and with a repetition rate of one pulse per second. The negative bias pulse was of magnitude up to Ϫ8 kV. The plasma was injected into a 90°curved magnetic duct in order to separate out macroparticles ͑cath-ode debris͒. The spherical target was located downstream of a͒ Electronic mail: keidar@engin.umich.edu APPLIED PHYSICS LETTERSthe duct at 25 cm from the duct exit plane. The voltage was applied using a high-voltage pulse modulator. The voltage and magnetic field were applied with a delay with respect to the arc pulse. An example of arc pulse, magnetic field and bias voltage ͑1 kV case͒ profile is shown in Fig. 2͑a͒ . The magnetic field was applied using two solenoids of 22.9 cm length and 9 cm diameter with 48 turns each connected in series. The two coils were separated by 9 cm and the target was placed between them as shown in Fig. 1 . The magnetic field at the edge of a solenoid can be calculated as: B ϭnI/2, where I is the current in the coils and n is the number of turns per length. In the following, we will present results as a function of this reference magnetic field. The target shown in Fig. 1 is a biased aluminum sphere of 2.54 cm diameter supported by a ceramic holder. The magnetic field has its main component parallel to the surface area facing the plasma flow ͑transverse field͒.
A small, positively biased ͑75 V͒, movable cylindrical probe of 4.5 mm length and 2.2 mm diameter was used to determine the size of the sheath as a function of magnetic field and bias voltage. When the probe was immersed in the plasma, it collected the electron saturation current and when the probe was immersed in the sheath, its current is practically zero because the sheath is depleted of electrons. By moving the probe from the target, it was possible to determine the sheath edge distance from the target when observing a sharp change in electron current collected by the probe. The same measuring principle was previously used for measurements of expanding sheaths with low-density, stationary gaseous plasma 16 and in vacuum arc plasmas. 7 The bias voltage was varied in order to find the voltage at which electron current to the probe will be zero for a fixed probe location. In doing the measurements this way we eliminated the error associated with probe positioning. We define the ''critical'' bias voltage U cr as the minimum target voltage at which the current to the probe becomes zero. The bias voltage U cr corresponds to the case when the sheath thickness equals the distance of the probe to the target. Figure 2͑b͒ shows the electron current measured with the probe as a function of the bias voltage for the fixed probe position and magnetic field. The probe shows a large electron current signal when target bias voltage is small. The noise is associated with the plasma generation process. With increasing bias voltage, the probe signal decreases and suddenly becomes very small as sheath thickness reaches the probe position. When the probe is located within the electrondepleted sheath, the probe current is very small. We found that the critical voltage U cr generally decreases with increasing magnetic field. For instance, investigating a distance of 2 mm from the target surface, the critical voltage decreases from 6 kV in the case of zero magnetic field to 3 kV in the case of 0.1 T magnetic field.
The influence of the magnetic field effect can be viewed such that the sheath thickness increases with magnetic field for a fixed bias voltage. The behavior of the critical voltage as a function of the magnetic field for several probe locations can be used to derive a sheath thickness plot as a function of the applied bias, with the magnetic field as a parameter. We included the probe diameter in our definition of the sheath thickness. The sheath thickness dependence on the bias voltage is shown in Fig. 3 with magnetic field as a parameter. As anticipated, the results confirm that the magnetic field has a significant effect on the high voltage sheath development.
In the following we propose a qualitative explanation for the observed phenomena. Our explanation is in line with the basic model of plasma immersion ion implantation as formulated by Lieberman.
8 When a negative voltage is applied to a substrate immersed in a plasma, electrons are repelled from the substrate, leading to sheath formation. Electrons drift across the magnetic field away from the target due to the presence of the high electric field and rare collisions with ions and neutrals. Rare collisions will lead to a depletion of the sheath from electrons and therefore conditions close to pure space charge sheath are realized. The ions are then accelerated toward the substrate by the electric field of the sheath. In the one-dimensional steady state case the sheath thickness can be estimated according to the Child-Langmuir law 17, 18 sϭ ͩ
where V is the ion velocity at the sheath edge, U is the voltage across the sheath, s is the sheath thickness, is the permittivity of vacuum, Z i is the ion mean charge number, N is the plasma density at the sheath edge, and m i is the ion mass. In this equation plasma density and velocity at the sheath edge determine the sheath thickness for given bias voltage. Strictly speaking, Eq. ͑1͒ can be questioned since in the vacuum are plasma ions are supersonic ͑for instance in the case of the silver ion velocity is about 1.0ϫ10 4 m/s͒, 19 while Eq. ͑1͒ corresponds to the case of zero ion velocity at the sheath edge. However, as it was discussed in Ref. 7 , in the case of the high voltage sheath this equation can be still acceptable since U/E 0 ӷ1 where E 0 is the energy of ions at the sheath edge. One can see that the steady-state sheath thickness is determined by plasma density and ion velocity at the sheath edge for a given bias voltage. While plasma density and velocity distribution in the vacuum arc plasma jet are well known, 20,21 plasma density and velocity at the sheath edge in the specific configuration of our experiment are determined by the plasma jet dynamics across magnetic field layer in the target vicinity.
The problem of the plasma propagation across magnetic field is a long standing one having numerous applications. [22] [23] [24] In a simple quasione-dimensional approximation the potential distribution across the magnetic layer can be calculated as
where x is the direction along plasma jet normal to the target, is the plasma potential, ␤ is the Hall parameter, B is the magnetic field, j is the current density, T e is the electron temperature, and is the conductivity. Comparison of the two last terms on the right hand of Eq. ͑2͒ shows that the last term in Eq. ͑2͒ is negligible if BϾ10 Ϫ20 N. In our experiment we have measured a plasma density of about 10 17 m Ϫ3 in the target vicinity. Therefore, the conclusion of Ref. 24 , where a currentless magnetic layer was considered, can be applied here in the entire range of magnetic fields. This means that when a partially magnetized plasma ͑i.e., only electrons are magnetized͒ flows across a magnetic field, the plasma potential increases. This potential behavior provides quasineutrality across the layer. As a result, the ion velocity decreases as plasma propagates across the layer. In the quasione-dimensional approximation ͑i.e., assuming that the plasma expands radially with constant velocity͒, plasma jet spreading in the radial direction can be calculated as dr/dx ϭC s /V, where C s is the sound speed. Taking this into account one can conclude that when the axial plasma velocity decreases ͑as a result of the magnetic field effect͒ it leads to plasma spreading in the radial direction ͑i.e. along magnetic field lines͒ followed by plasma density decreases. Thus plasma jet propagation across a magnetic field layer leads to decrease in the plasma density and ion velocity in the quasi one-dimensional approximation. A similar effect was considered in Ref. 24 . This means that the plasma density and ion velocity at the sheath edge decrease with magnetic field and according to Eq. ͑1͒, the steady state sheath thickness increases. This conclusion is in line with our experimental observations.
In summary, we have found that a transverse magnetic field affects the high voltage sheath dynamics. We found that a critical voltage ͑defined as the voltage at which the electron current to the probe becomes zero at a given probe location from the target͒ generally decreases with magnetic field. This means that the sheath thickness increases with magnetic field for a fixed bias voltage. This result can be explained in terms of a simple model of the sheath, when the steady-state sheath thickness is determined by the plasma density and ion velocity at the sheath edge. These results show that a magnetic field may be used to control high-voltage sheath dynamics.
